This study uses stable noble gases' (He, Ne, Ar, Kr, Xe) volume fractions and isotopic ratios from Antrim Shale natural gas to assess compositional variability and vertical fluid migration within this reservoir, in addition to distinguishing between the presence of thermogenic versus biogenic methane. Ne ratios pointing to the presence of a small mantle Ne component. High horizontal and vertical variability of noble gas signatures in the Antrim Shale are observed. These are mainly due to variable noble gas input from deep brines and, to a smaller extent, variable in-situ production within different layers of the Antrim Shale, in particular, the Lachine and Norwood members. Estimated 4 He ages, considering external 4 He input for Antrim Shale water, vary between 0.9 ka and 238.2 ka and match well for most samples with the timing of the major Wisconsin glaciation, suggesting that Antrim Shale water was influenced by glaciation-induced recharge. Consistency between measured and predicted 40 Ar/ 36 Ar ratios assuming Ar release temperatures ≥250°C supports a thermogenic origin for most of the methane in these samples. This thermogenic methane is likely to originate at greater depths, either from the deeper portion of the Antrim Shale in the central portion of the Michigan Basin or from deeper formations given that the thermal maturity of the Antrim Shale in the study area is rather low.
Introduction
With rising demands for cleaner domestic energy resources, unconventional hydrocarbon production has been extensively developed since 1979 (Curtis, 2002; Hill and Nelson, 2000; Nicot et al., 2014) . As a result, unconventional reservoirs (e.g., black shales) accounted for more than one third of the total natural gas production in the United States in 2013 (US EIA, 2015) .
The Antrim Shale in the Michigan Basin has been one of the most actively developed shale gas plays in the USA with its major expansion taking place in the late 1980s (Curtis, 2002; Harrison, 2007; Walter et al., 1996) . Unlike most shale gas plays in the USA (e.g., Barnett and Marcellus Shales) (Nicot and Scanlon, 2012) , the Antrim Shale is naturally highly fractured (Apotria et al., 1994; Ryder, 1996) . It has been suggested that ice sheet advances and retreats enhanced the dilation of preexisting fractures and induced freshwater recharge into the Antrim Shale . This, in turn, supported microbial methanogenesis (Clark, 1982; Martini et al., 1998 Martini et al., , 2003 McIntosh and Walter, 2005) . Previous natural gas exploitation in the Antrim Shale indicates that natural gas production rates could vary over an order of magnitude suggesting possibly highly localized heterogeneities within the Antrim Shale, particularly within the Lachine and Norwood members (Manger et al., 1991) . However, little is known about the relationship between variable natural gas production rates and geochemical composition variability in the Antrim Shale.
Previous studies, located mostly in the northern lower peninsula of Michigan (NPT: Northern Producing Trend) (Figs. 1 and 2A), investigated the origin of the main dissolved solids as well as timing ( 14 C ages) of meteoric recharge into the Antrim Shale (Farrand and Eschman, 1974; Martini et al., 1996 Martini et al., , 1998 Walter et al., 1996) . Based on methane and co-produced formation waters, a biogenic origin for the majority of the methane was suggested, with thermogenic gas making up b 20% of the total produced gas . However, recent studies have suggested that the contribution of thermogenic methane should be comparable to that of biogenic methane, based on measurement of multiple substituted methane isotopologues ( 13 CH 3 D, 12 CH 2 D 2 ) (Stolper et al., 2014 (Stolper et al., , 2015 . Although identifying the timing of freshwater recharge Chemical Geology 417 (2015) [356] [357] [358] [359] [360] [361] [362] [363] [364] [365] [366] [367] [368] [369] [370] into the Antrim Shale and the relative contribution of thermogenic vs. biogenic methane in Antrim Shale gas can be challenging due to the migration and mixing of waters and gases in the subsurface (Hunt, 1996; Martini et al., 1998; Price and Schoell, 1995; Stolper et al., 2015; Wen et al., 2015) , this knowledge is essential to understand the origin, migration and mixing of methane within and beyond the Antrim Shale. Filling these knowledge gaps is important to guide natural gas exploration and to identify the source of methane in the Antrim Shale.
Stable noble gases (Helium -He, Neon -Ne, Argon -Ar, KryptonKr, Xenon -Xe) are chemically inert and are thus transported without being affected by chemical reactions or microbial activity (Ballentine, 1991; Hilton and Porcelli, 2003a; Ozima and Podosek, 2002) . Moreover, noble gases in subsurface fluids (e.g., freshwater, natural gas) are derived from the atmosphere, crust and mantle, all of which show distinct isotopic and elemental signatures (Hilton and Porcelli, 2003b; Ozima and Podosek, 2002; Pinti et al., 2012; Porcelli et al., 2002) . This fact makes noble gases ideal natural tracers for studying the origin and evolution of crustal fluids in sedimentary basins (Ballentine, 1991; Castro et al., 1998a Castro et al., , 1998b Hilton and Porcelli, 2003b; Kulongoski et al., 2005; Oxburgh et al., 1986; Pinti and Marty, 1995; Warrier et al., 2013) . In most subsurface fluids in sedimentary systems, noble gases are dominated by an atmospheric origin (Air Saturated Water or ASW, containing Ne, Ar, Kr and Xe in solubility equilibrium with the atmosphere) and/or crustal components (e.g., 4 He*, 21 Ne*, 40 Ar*, 136 Xe*)
where crustal He, Ne, Ar, Kr, and Xe are indicated with the a "*" notation. These result from radioactive decay of U/Th and 40 K (Ozima and Podosek, 2002) . Mantle contributions are generally minor but not negligible (Castro et al., 2009; Darrah et al., 2014; Ma et al., 2005 Ma et al., , 2009a Pinti and Marty, 2000; Wen et al., 2015) . Previous studies of noble gas isotopic ratios and crustally-produced noble gas components in the shallower Glacial Drift, Saginaw and Marshall aquifers suggest the presence of vertical cross-formational flow (i.e., upward leakage) into these aquifers from deeper formations (Ma et al., 2005; Warrier et al., 2013; Wen et al., 2015) . Deep (0.5-3.6 km) brine samples were also collected and analyzed for noble gas concentrations and isotopic ratios in the Michigan Basin and point to Martini et al., 1998) ; (B) General schematic geological representation along cross section A-A′ in (a); Rock salts are present in the Michigan Basin as represented by the black layer; (C) Schematic of the Michigan Basin stratigraphy; major formations and lithologies in the basin are identified. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) the presence of cross-formational flow (Castro et al., 2009; Ma et al., 2009a) . Depletion of atmospheric noble gases in these brines is also observed, indicating the occurrence of a past thermal event in this system (Castro et al., 2009; Ma et al., 2009a Ma et al., , 2009b Warrier et al., 2013) . Such a depletion can be used to identify the contribution of deeper saline formation waters into the Antrim Shale.
In this study, we use noble gas isotopic ratios and volume fractions of natural gas samples from the Antrim Shale to assess the compositional variability of crustally produced noble gases, which would point to variable in-situ production from their parent elements (i.e., U, Th, 40 K) and/or the variable contribution of external brines from deeper formations into the Antrim Shale. In addition, 4 He ages for
Antrim brines are calculated and compared with previously reported 14 C ages of Antrim water samples (Martini et al., 1998) . We also use 40 Ar/ 36 Ar ratios to distinguish between the presence of thermogenic versus biogenic methane in the Northern Producing Trend (NPT) of the Antrim Shale. The Northern Producing Trend, centered near Otsego County, extends to its neighboring counties to the east and west. It is in this area that most of the natural gas producing wells in the Antrim Shale are located. 
Geologic setting
Located in the northeastern United States, the Michigan Basin is a concentric intracratonic depression floored by crystalline Precambrian basement (Fig. 1) , and consists of a succession of sedimentary rocks from Precambrian to Jurassic that reaches depths of over 5 km (Catacosinos and Daniels, 1991; Dorr and Eschman, 1970) . The entire sedimentary strata are covered by thick Pleistocene Glacial Drift sediments and are composed mainly of evaporites (e.g., Salina Group), carbonates (e.g., Traverse Formation), shales (e.g., Antrim and Coldwater Formations), and sandstones (e.g., Marshall Formation) (Fig. 1C) . Depending on their nature, these sedimentary rocks constitute either aquitards (e.g., shale, evaporites) or aquifers (mostly sandstones and reefal and dolomitized limestones), giving origin to a multi-layered aquifer system (Vugrinovich, 1986; Westjohn and Weaver, 1996) . Major tectonic structures such as the Albion-Scipio Fault, the Lucas Fault, and the Howell Anticline are present in southern Michigan and penetrate the Precambrian crystalline basement (Fisher et al., 1988) . The Howell Anticline belongs to the Eastern Granite and Rhyolite Province (EGRP), and displays an age of~1.5 Ga (Hinze et al., 1975; Menuge et al., 2002; Van Schmus, 1992) .
The Antrim Shale is a later Devonian formation and consists mainly of black carbonaceous shale. It underlies all of the Mississippian formations and is underlain by the middle Devonian Traverse Group (Apotria et al., 1994; Gutschick and Sandberg, 1991) . The circular subcrop of the Antrim Shale is close to the basin margin and underlies the Pleistocene glacial sediments (Fig. 1) . From Fig. 2B , which displays contours of perforation depth of the sampled wells, it is apparent that the Antrim Shale deepens from the north to the south. Overall, the Antrim Shale is significantly shallower than other shale gas plays (e.g., Barnett Shale) in the USA, with a perforation depth ranging from 317 to 637 m in the sampling area. The Antrim Shale is divided into four members based on total organic carbon (TOC) content. These members include the Norwood, Paxton, Lachine, and Upper Antrim (Gutschick and Sandberg, 1991) , of which the Norwood and Lachine members have the highest organic content (0.5-24 wt.% TOC) and are the main targets of gas exploitation (Martini et al., 1998; Walter et al., 1996) . The thermal maturity of the Antrim Shale in the NPT of the Michigan Basin was determined by vitrinite reflectance (R o ) and ranges from 0.4 to 0.6% (Rullkötter et al., 1992) , indicating a low level of thermal maturation (preoil generation) (Waples, 1985) .
Fractures in the Antrim Shale are regional and were formed during deeper burial (Martini et al., 2003) . Two sets of fractures are dominant in the Antrim Shale: (1) NW-striking fractures formed by natural hydraulic fracturing as hydrocarbons were generated near the end of the Alleghenian orogeny, and; (2) NE-striking fractures formed as a result of cooling and unloading during the 1-1.5 km of basin uplift since the Permian (Apotria et al., 1994; Cercone and Pollack, 1991; Ryder, 1996; Wang et al., 1994) . The fracture network present in the NPT of the Antrim Shale acts as a reservoir and conduit allowing the migration and mixing of meteoric water from the above Glacial Drift aquifer, and brine from the underlying permeable Traverse limestone .
The Antrim Shale is somewhat unique among shale gas reservoirs since it produces significant volumes of water and its gas production occurs at relatively shallow depths (~300-600 m below the surface) (Boyer et al., 2006; Dolton and Quinn, 1996) ; Total average porosity in the Antrim is 9%, and it is assumed that natural gas fills roughly half of this porosity (Curtis, 2002) .
Sampling and analytical methods
A total of 17 Antrim Shale gas samples were collected at the wellhead of production wells in the NPT area ( Fig. 2A, B ) in standard refrigeration grade 3/8″ Cu tubes which were then sealed by steel pinch-off clamps (Weiss, 1968) . Atmospheric contamination during sampling was minimized by allowing the gas to flush through the system for approximately 5 min. The complete measurement procedure, carried out in the Noble Gas Lab at the University of Michigan, comprises estimation of He, Ne, Ar, Kr, and Xe volume fractions and their respective isotopic ratios, with standard errors for volume estimates of 1.5, 1.3, 1.3, 1.5 and 2.2%, respectively. When replicate analyses are available, an errorweighted average is reported. Analysis procedures are described briefly below.
Shale gas samples in Cu tubes were attached to a vacuum extraction and purification system. The copper tube is connected to a vacuum system at a pressure of~2 × 10 −5 Torr. Once this pressure is achieved and the system isolated from its turbo-molecular vacuum pump, the lower clamp is released to allow gas samples to flow into the extraction and purification section. Dry gas samples are then inlet to a getter with Ti sponge at 600°C for 5 min to remove all actives gases. Noble gases are then quantitatively extracted and sequentially allowed to enter a Thermo Scientific® Helix SFT mass spectrometer using a cryo-separator. Subsequently, noble gases are trapped onto the cryo-separator at a temperature of~10 K. He ratio. Complete measurement procedures involve estimating the concentration of each noble gas component, measuring the isotopic ratios for Ne, Ar, Kr, and Xe, as well as the 3 He/ 4 He ratio. First, a portion of a known volume of air is introduced into the molecular sieve section of the extraction system, and all noble gases are measured in turn with the Helix SFT mass spectrometer. This calibrates the mass spectrometer signal size for each noble gas. Subsequent to the air calibration run, the same measurement procedure is performed on a portion of the unknown sample. All noble gas isotopes are measured using a Faraday detector, except for 3 He which is measured using an electron multiplier in ion counting mode.
A total of 17 co-produced formation water samples were also collected at the same time for analysis of chloride concentrations (Cl − ). Water samples were filtered with a 0.45 μm Gelman Laboratory AquaPrep filter, and kept in high-density polyethylene bottles with no headspace prior to analysis. Chloride concentrations were determined in the HydroGeochemistry Laboratory at the University of Michigan and were analyzed by ion chromatograph (Dionex DX) with a AS4A column (precision, ±2%). Abundances of major gas components (CH 4 , CO 2 , N 2 ) in the produced natural gas samples were collected at the wellheads in stainless steel cylinders and analyzed by Southern Petroleum Laboratories Inc. and Fibertec Environmental Services. Routine methods of gas chromatography were applied to determine the concentrations of CH 4 , CO 2 and N 2 .
Results

Major gas components in the Antrim Shale gas
Sample names and ID, location, well depth and abundances of major gas components (CH 4 , CO 2 , N 2 ) for collected Antrim Shale gas samples are given in Table 1 . Locations of all sampled Antrim gas wells are close to the southern boundary of the Antrim subcrop within the NPT region where we may identify the contribution of thermogenic methane in addition to microbial methane ( Fig. 2A ). This sampling area overlaps also with that of Martini et al. (1998) , thus allowing us to compare previous findings by these authors with those of the current study.
Among the major gas components CH 4 (C 1 ) is largely dominant, ranging from 79.72% to 92.40% by volume and displaying no obvious correlation with depth. CO 2 and N 2 contents are variable and range from 6.97% to 20.18% and from 0.04% to 0.15%, respectively. Similarly to CH 4 , no obvious correlations are observed between CO 2 and N 2 versus depth (Table 1) . However, an inverse correlation is present between CH 4 and CO 2 contents regardless of whether C 1 and CO 2 contents are variable over the sampling area. Because CO 2 is more strongly sorbed initially in the Antrim Shale as pressures continually drop with gas production, a greater percentage of CO 2 is desorbed compared to CH 4 (Martini et al., 2003) . This likely explains the observed CH 4 and CO 2 content inverse correlation in this study.
Volume fractions of heavier hydrocarbons (C 2+ ) as well as the carbon isotopic composition of hydrocarbon species are not available for the Antrim gas samples. However, previous geochemical studies in the Antrim Shale have determined the range of C 1 /(C 2 + C 3 ) to vary from 1 to 10,000, strongly suggesting mixing between thermogenic and biogenic gas components within the NPT (Martini et al., , 1998 . Methane from the Antrim Shale gas has δ 13 C values ranging from −45 to − 55‰, straddling typical values of these two gases: thermogenic versus biogenic . Unusually high δ 13 C values of CO 2 co-produced with methane (~+ 22‰) and dissolved inorganic carbon in formation waters (~+ 28%) require a bacterial mechanism (Martini et al., 1998) .
Noble gas signatures in the Antrim Shale gas
Noble gas isotopic ratios (He, Ne, Ar, Kr, Xe) are listed in Table 2 . Atmospheric isotopic ratios are also reported for reference.
R/Ra ratios in Antrim Shale gas, where R is the measured 3 He/ 4 He and Ra is the atmospheric ratio value of 1.384 ± 0.013 × 10 − 6 , vary from an almost pure radiogenic (crustal) value of 0.009 ± 0.001 (typical crustal production values are~0.01-0.05; Oxburgh et al., 1986) , to 0.339 ± 0.006 (Fig. 3B ). Higher values of measured R/Ra ratios likely indicate the impact of mixing with an atmospheric component (R/Ra = 1) introduced during meteoric recharge. A minor mantle He component is also likely present which may contribute, to a lesser extent, to increased R/Ra ratios. R/Ra values in Mid Ocean Ridge Basalts (MORB) and Ocean Island Basalts (OIB) are~8 and 50, respectively (Graham, 2002; Starkey et al., 2009) . R/Ra values of samples ANT5, ANT6, ANT10, ANT12 and ANT16 are greater than typical crustal values (Table 2 and Fig. 3B ). Ne ratios greater than the atmospheric value (9.8) which suggests the presence of some mantle Ne in these samples (Fig. 3C) . 21 Ne/ 22 Ne ratios vary from 0.0286 ± 0.0005 to 0.0331 ± 0.0004 (Fig. 3D) Ar are commonly observed in old crustal fluids due to natural decay of 40 K in the rock (Ballentine et al., , 1994 Elliot et al., 1993 Xe are found at much shallower depths. From these observations it is apparent that noble gas isotopic ratios are highly variable with depth (Fig. 3) .
Volume fractions of noble gas isotopes ( 4 He,
21
Ne and 40 Ar) and their crustally produced components in the Antrim Shale gas samples are reported in Table 3 . Crustal He volume fractions ( 4 He*) in these Antrim gases are estimated by using the He isotopic ratios as discussed above (Fig. 3A) . He is assumed to be essentially of crustal origin, while Ne, Ar and Xe are treated as a two-component mixture, with an atmospheric and a crustal end-member. (Table 3) .
Neglecting the presence of a potentially minor mantle Ne, Ar and Xe contributions would not affect the discussion and conclusions that follow (Ma et al., 2009b Xe* and depth. This is discussed below. Ar* are relatively minor compared to corresponding atmospheric components. To assess whether or not such high variability in the noble gas signatures is caused by variable in-situ noble gas production from their parent elements (i.e., U, Th, 40 K) or instead due to variable contributions of the external flux into the Antrim Shale from deeper formations (brine migration) (Ma et al., 2005 (Ma et al., , 2009a Walter et al., 1996) , we evaluate below the extent of brine migration into the Antrim Shale.
Mixing of deep brine and freshwater recharge in the Antrim
Previous geochemical studies suggest that recharge (meteoric) water into the Antrim Shale accounts for 40%-80% of the co-produced water, with 20%-60% of co-produced water originating from deep brines, within the sampling area (McIntosh and Walter, 2005 Ar ratios of the Antrim Shale gas samples.
36
Ar in sedimentary systems is almost entirely of atmospheric origin (Elliot et al., 1993; Ozima and Podosek, 2002) components in the Antrim shale gases are assumed to originally derive from seawater with a salinity of 0.623 M in equilibrium with the atmosphere at 25°C (Gutschick and Sandberg, 1991; Harrell et al., 1991) , with 20 Ne/ 36 Ar = 0.175 (Elliot et al., 1993; Ozima and Podosek, 2002) . When a gas phase (e.g., CH 4 ) is present in contact with the water phase, 20 Ne/ 36 Ar ratios in the gas phase may be calculated if Henry's coefficients are known and a single-stage gas-liquid partitioning model is assumed (Elliot et al., 1993; Smith and Kennedy, 1983) . Under current reservoir temperature of 24°C and a water salinity of 5 M (Curtis, 2002; Hill and Nelson, 2000; Ma et al., 2009b; Martini et al., 1998) , Ne and Ar Henry's coefficients are 458,314 and 197,872 atm, respectively (Crovetto et al., 1982; Smith and Kennedy, 1983) . For a gas/liquid volume ratio (V g /V l ) approaching 0, which is the maximum increase of Ar ratio (0.175) in the gas phase (left dashed line in Fig. 5A ) assuming present-day reservoir conditions and V g /V l approaching +∞, with all noble gases being transferred into the gas phase. The second scenario represents the 20 Ne/ 36 Ar ratio (0.405) in the gas phase (right dashed line in Fig. 5A ) under current reservoir conditions assuming V g /V l approaching 0. In a closed system where the gas phase escapes from the liquid phase under variable gas/liquid volume Kr ratios in the gas phase for the same two extreme scenarios (Fig. 5B) . From Fig. 5B Kr. From Fig. 5A , B it is apparent that noble gas volume fractions of Antrim Shale gases display a mass-dependent depletion pattern with lighter noble gases being more heavily depleted compared to the heavier ones. A boiling model was suggested by Ma et al. (2009b) to explain such a mass-dependent depletion pattern in noble gas abundances from other formations in the Michigan Basin. This boiling model, proposed by Mazor and Truesdell (1984) , describes the partitioning of noble gases between the water and steam phases according to Henry's Law. Atmospheric noble gas (e.g.,
Ar) concentrations from the original seawater composition for both closed and open systems will leave the residual brine phase to the gas phase as boiling proceeds. Due to the higher solubility of the heavier noble gases (e.g., 84 Kr) compared to the lighter ones (e.g., 36 Ar) in brine, lighter noble gases will escape preferentially from the residual brine phase and will lead to mass-dependent depletion of noble gas in the brine. With the migration of deeper residual brines strongly depleted in noble gases into the Antrim Shale, noble gas from the residual brine will be transferred into the Antrim natural gas. Therefore, this massdependent depletion pattern will be observed in the Antrim gas samples we collected. This boiling model points strongly to the occurrence of past thermal events, which have been previously suggested to have occurred in the Michigan Basin (Castro et al., 2009; Coniglio et al., 1994; Fisher et al., 1988; Girard and Barnes, 1995; Ma et al., 2009a Ma et al., , 2009b Sanford et al., 1985; Wang et al., 1994) . Major thermal events in the Michigan Basin took place during the late Devonian-Mississippian (370-323 Ma), Triassic (~224 Ma) and Cretaceous (~111-159 Ma) related to the reactivation of the Precambrian basement structures. These are likely the cause of high paleo-temperatures (170-400°C) in the Michigan Basin, which are thought to have ultimately led to the observed extreme depletion of atmospheric noble gases in the deep brines of the Michigan Basin. Occurrence of meteoric recharge water in the Antrim Shale is relatively recent and thought to have occurred during the Pleistocene and thus, far more recent than the occurrence of the past thermal events. Therefore, depletion of atmospheric noble gases would be expected to be found in old brines but not in the relatively young recharge water in the Antrim Shale. Volume fractions of atmospheric noble gases (e.g.,
Ar) can be used to indicate the contribution of deep brines over the meteoric recharge water in the Antrim Shale gas. Ar ratios resulting from depletion of atmospheric noble gases which occurred during past thermal events (Ma et al., 2009b) . Variable impact of the deep brines over recharge water can also be observed in the relationship displayed between 4 He* and chloride concentrations in the co-produced water of the sampled wells (Fig. 6B) . The chloride concentration of sampled coproduced formation water ranges from 16 to 3637 mM and the volume fractions of crustally produced 4 He* vary over two orders of magnitude for the samples. Deep brines have higher salinity values (up to 5.7 M salinity, Long, 1993a, 1993b ) and more 4 He* compared to meteoric water, although we cannot quantitatively evaluate brine and meteoric water end-members in our case due to the difficulty in comparing water and gas samples with respect to noble gas volume fractions. Samples ANT4 and ANT5 represent values close to the deep brine end members while ANT7, ANT10 and ANT11 are much closer to It is apparent from the gas samples that large amounts of meteoric water recharged the Antrim Shale and mixed with variable amounts of old brines, which are derived from deep formations beneath the Antrim Shale and depleted in atmospheric noble gases (e.g., 36 Ar). Recharge of diluted meteoric waters likely stimulated microbial activity and the formation of biogenic methane in the Antrim Shale Walter et al., 1996) . It is thus critical to constrain both the origin of this recharge water as well as the timing of recharge.
4 He groundwater ages
The accumulation of radiogenic 4 He ( 4 He*) has been widely used as a dating tool to constrain the age of groundwater beyond the~50 ka limit of 14 C (Castro and Goblet, 2003; Castro et al., 2000; Ma et al., 2005; Schlegel et al., 2011; Torgersen and Clarke, 1985; Torgersen and Ivey, 1985; Wen et al., 2015) . Water-gas interactions also result in the transfer of accumulated 4 He*, together with other dissolved atmospheric noble gases (e.g., 36 Ar), from the water to the gas phase (Ballentine, 1991; Zhou and Ballentine, 2006) . The combined analyses of 4 He* and other noble gases allow us to estimate the accumulated 4 He* concentration in the water prior to the phase separation and thus, to acquire 4 He ages for the associated water phase (Schlegel et al., 2011; Zhou and Ballentine, 2006; Zhou et al., 2005 (Table 2) , which are much higher than the corresponding atmospheric ratio of 0.288 (Kipfer et al., 2002 Ne ratios also suggest minimal contamination of atmospheric He. Atmospheric noble gases are significantly depleted in deep brines which migrated into the Antrim Shale from deeper formations (Ma et al., 2009b) . Past thermal events led to the decrease of atmospheric noble gas contents (e.g.,
36
Ar) by a factor of~100 (Ma et al., 2009b) . Thus, most atmospheric noble gases (e.g.,
Ar) in the Antrim are likely derived from relatively recent recharge water considering that contributions of meteoric water and brine are fairly equitable in the sampling area (McIntosh and Walter, 2005) . 20 Ne/ 36 Ar and 36 Ar/ 84 Kr ratios of some Antrim Shale gases are out of the predicted ratio ranges for ASW (Fig. 5) . However, considering the mixing of depleted deep brine and meteoric water, it is reasonable to assume that there has been minimal fractionation of the noble gases after the mixing of deep brine and meteoric water, with near complete transfer of noble gases from the water into the gas phase (Schlegel et al., 2011) . Thus, all 17 Antrim Shale gas samples are used to calculate 4 He ages of associated formation water as a first-order estimation of the recharge timing in the Antrim Shale following Zhou and Ballentine (2006) .
In the Antrim Shale, the major fraction of total He is, by far, of radiogenic origin ( 4 He*), resulting from radioactive decay of U and Th both, within the Antrim Shale (in-situ production), and from 4 He produced at greater depths and migrating upwards with brine into the Antrim Shale. Thus, crustally produced 4 He* is given by (Schlegel et al., 2011) Ar in the water which is dependent on elevation, temperature and salinity of the recharge water. An average Ar concentration of 3.77 × 10 −4 cm 3 STP g −1 H2O in the freshwater (0‰ salinity) at the temperature range of 0-25°C and an elevation of 300 m (Gutschick and Sandberg, 1991; Harrell et al., 1991; Ma et al., 2004 Ma et al., , 2005 Wen et al., 2015) is taken as the representative value of 36 Ar to calculate the 4 He concentrations in the water for each Antrim gas sample. Leventhal (1980) and Swanson (1960) ; thickness, porosity and density values after well logs (this study), Curtis (2002) and Clark (1966) . c U and Th contents derived from Taylor and McLennan (1985) ; thickness and density values after Ruff et al. (1994) ; Taylor and McLennan (1985) and Zhou and Ballentine (2006) . shallower formations (i.e., the Antrim Shale) during upward transport. Xe and depth (Fig. 3F ). We note that the level that is most enriched in 136 Xe* within the Antrim Shale is one of the shallowest, which might point to some local processes taking place. It is, however, premature at this stage to know with certainty the cause of this particular enriched layer in 136 Xe*. Additional samples with a wider spatial variability and depth need to be analyzed.
Origin of produced gases in the Antrim Shale: thermogenic versus biogenic origin
Produced hydrocarbon gases in the Antrim Shale consist of biogenic gases, which are associated with microbial activity stimulated by meteoric recharge through the well-developed fracture network in the Antrim Shale, as well as thermogenic gases, which were generated from cracking of oil or refractory kerogen Stolper et al., 2014 Stolper et al., , 2015 . However, the contribution of thermogenic methane with respect to the total produced methane in the study area is still under debate. Some early studies suggest that the thermogenic gas component contributes less than 20% of the total produced methane (Martini et al., , 1998 while others argue for a more equal contribution of thermogenic and biogenic gases if not a dominating thermogenic component (Dolton and Quinn, 1996; Stolper et al., 2015) . Below, we use noble gases as a tool to distinguish between thermogenic and biogenic methane and to assess their respective contributions in the study area.
We have shown that an external crustal 4 He flux is required to estimate the ages of Antrim Shale formation water. Similar to 4 He, 40 Ar also has external sources to the Antrim Shale (see, e.g., Ma et al., 2009a) . If the radioelement composition in 4 He* and 40 Ar* source rock is assumed to be that of an average crustal composition with Th/U and K/U ratios of 3.8 and 1.2 × 10 4 , respectively (Elliot et al., 1993; Taylor and McLennan, 1985) , the radiogenic 4 He/
40
Ar production ratio in the source formation will be 4.92 Ar ratio of the external flux into the Antrim Shale will also be 4.92 assuming both that the subsurface temperature in the source rock is high enough to release all the Ar, i.e., ≥250°C (Lippolt and Weigel, 1988; Pinti et al., 2011) and that no other processes have led to fractionation of the 4 He/ 40 Ar ratio (e.g., Castro et al., 1998a Castro et al., , 1998b Ar ratios can be calculated assuming that Ar is fully released from the source formation (T N 250°C) (Elliot et al., 1993) Ar ratios are also listed in Table 2 . The formation of thermogenic gases require reservoir temperatures between 157 and 221°C, whereas biogenic gases yield formation temperatures consistent with their comparatively low-temperature formation environments (b 50°C) (Stolper et al., 2015) , However this is lower than the Ar release temperature (250°C) (Lippolt and Weigel, 1988 Ar, it is apparent that, with the exception of samples ANT1 and ANT4, all other Antrim gas samples have consistent measured and predicted 40 Ar/ 36 Ar ratio values, which tend to support that the contribution of thermogenic methane is greater than expected (b 20%) in these samples. Stolper et al. (2015) established a mixing model of biogenic vs. thermogenic gases for Antrim Shale gases based on assumed formation temperatures of 18°C and 144°C for biogenic and thermogenic components, respectively. Their findings point to a larger proportion (~50%) of thermogenic gas in the Antrim Shale than previously thought. It is important to note that higher formation temperature of the thermogenic component in the mixing model will result in lower required amounts of the thermogenic gases. In our study, a greater formation temperature for thermogenic gas (N 250°C) is suggested. Even with this very high assumed temperature, their mixing model still suggests N25% thermogenic gases in the Antrim Shale. Thermal maturity of the Antrim Shale in the study area is relatively low and does not support in-situ production of thermogenic methane (Rullkötter et al., 1992) , although the TOC content of the Antrim Shale is up to 24% (Martini et al., 1998) . Therefore, thermogenic methane, as the major component of the total produced methane in the Antrim within the study area (NPT), must have an external origin. This external origin for the thermogenic methane might be either the portion of the Antrim Shale located in the deeper, central portion of the Michigan Basin or more deeply buried Silurian and older strata underlying the Antrim Shale (Stolper et al., 2015) . Further work is required to distinguish these two external sources of thermogenic methane for Antrim Shale gas samples.
Conclusions
This study uses stable noble gases' (He, Ne, Ar, Kr, Xe) volume fractions and isotopic ratios from Antrim Shale gas samples to clarify vertical fluid migration, the occurrence of a past thermal event previously identified (Castro et al., 2009; Coniglio et al., 1994; Fisher et al., 1988; Girard and Barnes, 1995; Ma et al., 2009a Ma et al., , 2009b Sanford et al., 1985; Wang et al., 1994) , ages of formation water associated with natural gas, and to distinguish between thermogenic and biogenic methane in the Antrim Shale.
R/Ra ratios in Antrim Shale gas, where R is the measured 3 He/ 4 He ratio and Ra is the atmospheric ratio value of 1.384 ± 0.013 × 10 − 6 , vary from an almost pure radiogenic (crustal) value of 0.009 ± 0.001 (typical crustal production values are~0.01-0.05; Oxburgh et al., 1986) Ne ratios (up to 10.4) point to a minor mantle Ne component. High horizontal and vertical variability of noble gas signatures in the Antrim Shale are observed, which are due to variable noble gas input with brine migration from deeper formations and, to a smaller extent, are also due to variable in-situ production, in particular, the Lachine and Norwood members.
